e electronic spectra of phenol, 2-chlorophenol, 2-aminophenol, and 2-nitrophenol have been studied both experimentally and computationally. e effect of the substituents on the solvatochromic behavior of the phenols were investigated in polar protic (methanol) and aprotic (dimethyl sulfoxide (DMSO)) solvents. e spectra of 2-nitrophenol recorded the highest red shift in methanol.
Introduction
e acidity and electronic properties of substituted phenols have been the subject of much research both experimentally and theoretically [1] [2] [3] [4] [5] [6] [7] . is is due to the important (bio) chemical and industrial applications of phenolic compound.
ey are used as starting materials in the syntheses of dyes [8, 9] , manufacture of drugs [10] , and disinfectants [11] as well as the study of tyrosine-containing proteins and lignin polymers [2] . Polyphenols have been well investigated as antioxidants because the phenolic hydrogen can easily be donated to quench the activity of free radicals [12] [13] [14] . is work is focused on spectral changes of phenol, 2-chlorophenol (2CPH), 2-aminophenol (2APH), and 2-nitrophenol (2NPH) in polar protic and aprotic solvents.
e substituent effect on the O-H bond dissociation energy (BDE) of phenols has been shown to depend on factors such as inductive or electrostatic effect, resonance effect, and hydrogen-bonding interactions in the respective solvents [15] . Using the Hammett-type parameters σ + P and R + to investigate a series of parasubstituted phenols, Zhang et al. [16] found that resonance effect contributed largely to the O-H BDE. is effect was high in electron withdrawing groups as compared to electron-donating analogs. For example, although chlorine is an electron-withdrawing group, it showed an electron-donating resonance effect because of delocalization of nonbonding electrons. According to Guerra et al. [15] , electron-donating substituents lead to a better stabilization of phenoxyl radicals in water whereas electron-withdrawing groups preferentially stabilize the parent phenol. is suggests that the stabilization of phenols in solution cannot solely be attributed to the effect of substituents but a synergy between contributions from both substituents and the solvent.
Analyses of the UV spectra of ortho-substituted phenols is generally difficult [3] because several factors such as electrostatic effects of the substituent, resonance effects, inter-and intramolecular hydrogen-bonding interactions, and steric effects have been found to contribute. Korth et al. [17] have shown by means of thermodynamic and kinetic methods that, in a nonhydrogen bonding solvent, 2-methoxyphenol exists entirely in a hydrogen bonding form, whereas there is a strong interaction with hydrogen bond acceptor solvents to create a bifurcated complex which shifts the absorption maximum bathochromically. Because of their importance as model systems for hydrogen-bonding interactions and solvent-solute interactions and in photoinduced intercluster protontransfer processes, these interactions have been investigated by various ab initio and density functional theory methods [2, 16] . In this paper, we present a comprehensive study of the effect of the chloro, amino, and nitro ortho-substituents on the solvatochromism of phenol in methanol and dimethyl sulfoxide (DMSO). ese solvents are among the most important polar protic (methanol) and aprotic (DMSO) solvents used in organic and coordination chemistry. Although dimethyl sulfoxide and dimethyl sulfone (DMSO2) are classified as aprotic solvents, Clark et al. [18] have shown by B3PW91 and MP2-FC computational studies that the significant success of these solvents in dissolving most solutes can be attributed to sufficiently strong σ-holes on the sulfur atom which interacts electrostatically with nucleophilic regions of other molecules. ese interactions are also effective when π-electrons are involved. It has been demonstrated computationally that polar protic solvents such as methanol interact with solutes such as phenols by accepting and donating hydrogen bonds. ese interactions, according to Guerra et al., have little effect on the bond dissociation energy (BDE) of phenol [15] . According to them, significant contributors to the BDE are the type and position of substituents [15] .
Our interest in the UV absorption spectra of osubstituted phenols lies in the fact that the proximity of the substituent makes it possible to form intramolecular interactions with the phenol OH group, and it can also form intermolecular hydrogen bonds with the solvent as well as engage in bifurcate interactions. e electron-accepting and electron-donating abilities of the substituent also increase or decrease the electron density on the phenyl ring. ese are important factors that influence the free radical scavenging activities and solvatochromism of substituted phenols. e geometry and electronic effect of the substituents have been analysed by natural bond orbital (NBO) analysis. Natural population analysis (NPA) and Frontier molecular orbitals (FMOs) have also been used to assess the resonance contribution of the substituents to the electronic structure of the phenols. Furthermore, full interaction maps of the compounds have been assessed using the Mercury program to identify possible spots for inter-and intramolecular hydrogen and halogen bonding since these interactions affect the spectral properties of phenols.
Experimental Details
All the phenols and solvents used for this work were purchased from VWR Chemicals, UK, and used without further purification. e phenols were completely soluble in methanol and DMSO. Stock solutions of 2 mM concentrations were prepared for all the compounds.
ese were further diluted to working concentrations between 0.2 and 1.0 mM. UV absorption spectra were then taken on a Spectroquant UV/VIS spectrophotometer Pharo 300 at the Chemistry Laboratory of the Institute of Industrial Research, Council for Scientific and Industrial Research, Ghana, between 250 and 400 nm. Molar absorptivities (ε) were also estimated by measuring the absorbance of the diluted solutions at the respective λ max values.
CSD Analysis
Analyses of the full interaction maps of the phenols were performed using version 5.38 of the Cambridge Structural Database (CSD) (November 2016) plus one update [19] . Version 1.19 of the CSD program ConQuest was used to perform substructure searches of phenol, 2CPH, 2APH, and 2NPH.
e following secondary search criteria were employed: 3D coordinates determined; crystallographic R factor ≤ 0.05; no disorder in the crystal structure; no bonding; no ions; and no powder structures and only organic structures (according to the standard CSD definitions). Structures with monomeric units were selected for this work.
e search revealed fifteen (15) crystal structures bearing the phenol moiety, one 2CPH, and four (4) structures bearing 2APH. Crystals structures with the following reference codes were then chosen: PHENOL03 [20] with z′ � 3, WANMUU [21] , z′ � 3, and AMPHOM02 [22] with z′ � 1. ere was, however, no crystal structure of 2NPH in the CSD as at the time of preparing this manuscript. e structures were visualized using version 3.9 of the CSD program Mercury. Probes such as uncharged NH nitrogen, alcohol oxygen, oxygen atom, aromatic CH carbon, and C-Cl chlorine were used as proxies to provide interaction maps which indicate positions of hydrogen bond acceptors (shown in red), donors (blue), and any possibility of halogen bonding (shown in green) [19] .
Computational Details
All the input files of the respective phenols were prepared using the GausView 5.0.8 molecular viewer [19] . Full unconstrained geometry optimizations were carried out at the density functional theory (DFT) using Becke's threeparameter hybrid method and the Lee-Yang-Parr correlation functional (B3LYP) with the 6-31++G(d,p) basis set [23] . e Gaussian 09 program [24] was used for all computations. e optimized geometries are shown in Figure 1 .
e structures were characterized as minima (no imaginary frequency) in their potential energies through vibrational frequency analyses [25] .
e gas-phase UV spectra were analyzed using the time-dependent density functional theory (TD-DFT) method on the optimized geometries. TD-DFT is a very effective technique for excited state calculations and has been used successfully to study phenols of increasing size [2] .
e effect of the substituents on the electron distribution in the phenols was investigated using natural bond orbital (NBO) and natural population analysis (NPA). e net atomic charge and Frontier molecular orbitals (FMOs) were also performed at the same level of theory.
Results and Discussion
Figures 2-5 show the spectra of the phenols in methanol and DMSO, respectively. From Figure 2 , the absorption maximum (λ max ) of phenol is 272 nm in methanol and 277 nm in DMSO, a bathochromic shift of 5 nm. is π-π * excitation is relatively more stable in DMSO than in methanol. As shown in Table 1 , the intensities of these bands are relatively high (ε � 2344 in methanol and 14454 in DMSO). Similar shift and molar absorptivities were observed for 2CPH (Figure 3 ). e presence of the chloro-substituent, however, increased the bathochromism of the λ max of phenol by 5 nm in methanol and 2 nm in DMSO. TD-DFTevaluation in Table 2 shows similar shifts in λ max with 2NPH recording the highest. According to Krivoruchka et al. [26] , 2-nitrophenol forms inter-, intra-, and bifurcate hydrogen bonds which accounts for the shifts in its OH stretching absorption to lower frequencies. Similar bonding modes could account for the relatively high bathochromism of 2NPH observed computationally.
Using the inductive effect interpretation, the electronwithdrawing tendency of the Cl substituent has the potential of reducing the electron density of the phenyl ring and shifting the λ max hypsochromically relative to the parent phenol. is negative inductive effect has been reported to increase the acidity of various substituted phenols [3] . e reverse was, however, observed. is can be attributed to the delocalization of nonbonding Cl electrons onto the phenyl π system, thereby increasing the electron density and shifting λ max in the observed direction [3] .
e stronger π-π * stacking of 2APH with increasing concentration in both solvents is shown in Figure 4 . From Figure 5 , the λ max of 2NPH shows the highest bathochromic shift relative to the parent phenol despite the fact that the nitro group (a ring deactivating group) is expected to shift the λ max to shorter wavelength. According to the resonance theory, the π-electrons on the O14 and O15 atoms can be delocalized into π * molecular orbitals on the phenyl ring and cause a bathochromic shift in λ max as observed [27] .
In order to better reconcile the observed absorption spectra and the electronic properties of the phenols, we performed NBO and second-order perturbation theory analysis of Fock matrix [18, 25] . ese provide details about the type of hybridization, electron distribution, nature and strength of bonding, and the charge distribution on the respective atoms [28] . In Table 3 , the bond lengths show significant substituent effect. Generally, most of the optimized bond lengths are slightly greater than the experimental values due to the fact that the theoretical calculations were performed on a single molecule in the gas phase with no intermolecular interactions, whereas the experimental data belong to molecules in crystal structures with substantial interactions under different lattice parameters. Relatively, the bond lengths are shorter in 2CPH as compared to phenol except the C4-C5 and C5-C6 bonds which were longer. is is because the electronegative Cl substituent withdraws the σ-shared pair of electrons onto itself making C4 slightly positive. is electron pull runs through the C4-C5 bond and decreases its electron density. e combined electronegativities of Cl and O11 contribute to the reduction in the electron density in the C4-C5 and C5-C6 bonds, thereby increasing their lengths [29] .
Generally, the presence of the o-substituent increased the lengths of the C4-C5 and O11-H12 bonds in the order Cl < NH 2 < NO 2 . is correlates strongly with the negative inductive effect of the substituent [17] which contributes to withdrawing σ-shared pair of electrons from the phenyl ring.
ese results are also in agreement with the pKa values of these substituted phenols [1, 4] . According to Guerra et al. [15] , polar protic solvents such as methanol are better at stabilizing the phenolic OH group because they act as hydrogen bond acceptor (HBA) as well as hydrogen bond donor (HBD) groups in which the methanol oxygen acts as both an acceptor and donor. erefore, the higher the acidity of the phenol, the higher its stability in methanol. is could explain the slightly higher bathochromic shifts of 2NPH and 2APH in methanol relative to DMSO. In DMSO, the noncovalent interactions are between the DMSO-S and the phenol-O. According to Clark et al., the significant positive σ-hole on the sulfur atom of DMSO interacts electrostatically with negative regions of Lewis bases such as the lone pairs of electrons on the oxygen atom of phenol. Because these σ-hole interactions are weaker than conventional Journal of Spectroscopyhydrogen bonds, relatively acidic phenols seem to be more stable in methanol than DMSO. To further understand the e ect of the o-substituents on the electron distribution in the phenol molecule, we performed NBO analyses on the respective molecules. From Table 4 , there is considerable shifting of shared σ-bonding electrons towards C4 (ortho carbon).
is delocalization is greatest in 2NPH where the percentage electron distribution between C3 and C4 is 48.3% and 51.7%, respectively, followed by 2CPH, 48.5%-51.5% and 2APH (49.1%-50.9%). is is due to the negative inductive e ect of the respective substituents which leads to the withdrawal of electrons from the σ-framework of the phenyl ring. is inductive e ect is similarly transmitted through the C4-C5 σ-bond with C4 having the highest percentage of electrons in all the compounds.
ese observations further explain the weakening of the C3-C4 and C4-C5 bonds as observed in Table 3 . Table 4 also shows the distribution of the various π-electrons in the respective structures. ere is 60% delocalization of shared (C4-C5) electrons towards C4. is electron pull can be attributed to the greater electron withdrawing ability of the O14 (60.1%) in the N12-O14 π-bond as shown in Figure 6 . is electron pull increases the π-electron conjugation of the phenol ring, thereby causing a bathochromic shift in λ max as observed in Figure 5 . It can also be seen that the π-electron density of the C1-C6 bond is fairly constant (1.696) and not a ected by the resonance e ect of the substituents. However, electron density of the C2-C3 π-bond increased in the order Cl < NH 2 < NO 2 as a result of the proximity to the substituents which caused substantial π-electron delocalization into the C2-C3 bond. ese interactions increase the electron density on the phenyl ring and contribute to the π-π * interactions [2, 30] which shift the λ max to longer wavelengths. Table 5 shows results of the second-order perturbation of the Fock matrix. ese show the donor-acceptor interactions which contribute to increasing the electron density on the phenyl ring in the excited state [31] .
e strongest π-π * interaction is between LP(3) on O15 and N12-O14 of 2NPH with interaction energy of 123.96 kJ/mol followed by LP(2) on O11 to the π * molecular orbital of C4-C5, 40.37 kJ/mol and C4-C5 to N12-O14 π * s orbitals of 37.97 kJ/mol. ese substantial delocalization of π electrons into π * molecular orbitals also increases the stability of the excited state which contributes to π-π * interactions as observed in polar solvents [32] . e effects of the inductive and resonance effects on the charge density of the respective atoms are shown in Table 6 . Phenol, an ortho/para director to nucleophilic substitution, has higher electron densities on C4, C2, and C6 as shown in Table 6 . Specifically, the electron density on C4 is reduced as a result of the negative inductive effect of the substituents.
is effect is severe in 2APH because the nitro and chloro groups have nonbonding and π-electrons which can be delocalized into antibonding and Rydberg orbitals to decrease the net effect of polarization of the C4-substituent bond [3] . As shown, the N12 of 2APH has the highest electron density of −0.9342 because of the localization of its nonbonding electrons. Figure 7 shows the effect of o-substitution on the energy of the Frontier orbitals. e smaller the HOMO-LUMO gap, the higher the bathochromic shift. e values range from −5.823 eV for phenol to −3.973 eV for 2-nitrophenol. e lowest Frontier orbital gap for 2NPH confirms the extension of the π-electron density of the phenyl ring onto the NO 2 , thereby increasing its conjugation and causing a red shift in its absorption spectra. Finally, we report the full interaction maps of the compounds. Generally, the hydrophobic propensity regions above and below the phenyl rings remain unchanged as shown in Figure 8 .
e interaction maps around 2APH show hydrogen bond donor (shown in blue) and acceptor (shown in red) regions around the NH 2 and a strong acceptor region on the OH group. ese regions are potential sites for interactions between 2APH and both polar protic and aprotic solvents such as methanol and DMSO which act as both hydrogen bond acceptors and donors. e interaction maps around phenol and 2CPH do not differ that much except for the propensity for halogen bonding (shown in green) which was observed in 2CPH. Generally, investigation of the full interaction maps show that 2APH has the highest propensity for interand intramolecular interaction as compared to phenol and 2CPH. is supports the data reported in Table 1 where λ max of 2APH shows the highest bathochromic shift compared to phenol and 2CPH.
Conclusion
Ortho-substituted phenols have the ability to engage in intraand intermolecular bonding as well as bifurcate interactions involving solvent molecules. ese interactions significantly alter the spectroscopic behavior of these phenols. e electron-withdrawing and electron-donating abilities of these substituents also affect the π-system of phenols and influence their spectral characteristics in different solvents. In this work, we have shown by NBO and NPA analyses that, although Cl, an electron-withdrawing group, decreases the electron density on phenol by negative inductive effect, it also delocalizes nonbonding electrons onto the phenyl ring by resonance, thereby increasing its electron density. e net effect is the red shift of the UV spectra of 2-chlorophenol in methanol and dimethyl sulfoxide. Similar solvatochromism was also observed in 2-nitrophenol. Full interaction maps of phenol, 2CPH, and 2APH have been accessed using the Mercury program of the CSD. It shows hydrogen bond donor and acceptor regions around the NH 2 and a strong acceptor region on the OH group of 2NPH. 2CPH also exhibits propensity for halogen bonding which explains the observed UV spectra.
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